Introduction
============

Since reports of "Dolly"^[@b1-pjab-85-240]^ and "Cumulina",^[@b2-pjab-85-240]^ cloned animals have been successfully produced by somatic cell nuclear transfer (SCNT) in many species.^[@b3-pjab-85-240]--[@b9-pjab-85-240]^ In these reports, cultured or freshly collected cells were used as nuclear donor cells in SCNT. Meanwhile, there were reports of the production of mice by intracytoplasmic sperm injection (ICSI) with the freeze-dried spermatozoa^[@b10-pjab-85-240]^ or with the spermatozoa derived from frozen whole body kept at −20 °C for 15 years without cryoprotectant.^[@b11-pjab-85-240]^ Furthermore, there were reports of the birth of offspring from SCNT with the nuclear donor cell frozen at −80 °C for 342 days,^[@b12-pjab-85-240]^ with the nuclear donor cell derived from frozen whole body kept at −20 °C for 16 years without cryoprotectant^[@b13-pjab-85-240]^ and with the nuclear donor cell derived from frozen organ kept at −80 °C for 10 years without cryoprotectant.^[@b14-pjab-85-240]^ These reports suggest that if tissues or cells are cryopreserved postmortem without cryoprotectant, the resurrection of the postmortem animal individual might be possible by SCNT.

In cases of extinct or endangered species, it is difficult to use oocytes derived from same species as the recipient cytoplasm in SCNT. However, recently, there were some reports on successful production of offspring by SCNT with oocytes derived from closely related species.^[@b15-pjab-85-240]--[@b19-pjab-85-240]^ These results suggest that if oocytes from closely related species are available as the recipient cytoplasm, it will be possible to resurrect extinct or endangered species by SCNT.

Woolly mammoth (*Mammuthus primigenius*) is a very famous animal existed during ice ages and became extinct at the end of the last ice age.^[@b20-pjab-85-240]^ Its relics including soft tissues like skin, muscle and other inner parts have been excavated from Permafrost.^[@b20-pjab-85-240]^ Recently, the prospects of the resurrection of woolly mammoth by SCNT has heightened.^[@b21-pjab-85-240],[@b22-pjab-85-240]^ However, even if the soft tissue of woolly mammoth is excavated, it is not clear whether its cell nuclei still keep their biological characteristics for more than several thousands years. In this paper, we report the collection of cell nuclei from 14,000--15,000 years old mammoth tissues and the injection of its cell nuclei into mouse enucleated matured oocytes as the nuclear donor in SCNT.

Materials and Methods
=====================

1.. Excavation of ancient animal sample
---------------------------------------

Frozen mammoth legs were excavated from Northeast Siberian Permafrost on the bank of Maxunuokha River ([Fig. 1-A](#f1-pjab-85-240){ref-type="fig"}, at the point of 71° 34′ 56.9″ N and 141° 37′ 37.6″ E). This excavation was performed as one of the International Science and Technology Center (ISTC) projects funded by Gifu Prefecture, Japan. Excavated frozen mammoth legs were transported to Museum of Mammoth in Yakutsk under frozen condition. Pieces of skin, muscle, bone and bone marrow samples ([Fig. 1-B, C and D](#f1-pjab-85-240){ref-type="fig"}) were collected from the frozen mammoth leg and transported to our laboratory under frozen condition. In our laboratory, all samples were kept at −80 °C.

![A: Excavated frozen mammoth leg. Bottom of a foot and some coat (arrow) are visible. B-D: Tissues collected from mammoth leg; B, Skin; C, Muscle; D, Bone marrow.](pjab-85-240-g001){#f1-pjab-85-240}

2.. The radiocarbon age analysis of the sample
----------------------------------------------

A small piece of skin sample was cut out from frozen skin and washed by ultrasonic cleaner for 10 minutes, then in 0.5N HCl for 1.2 hours, 0.1N NaOH for over night and 0.5N HCl for 2.6 hours to remove all organic substances derived from Permafrost. After washing, the skin sample was soaked in chloroform: methanol (2:1) for over night to remove all lipids. Then the skin sample was washed in distilled water (DW) and collagen was extracted by heating at 90 °C for 12 hours in DW. Extracted collagen was oxidized to CO~2~ and graphitized with iron catalyst. The mixed graphite-iron powder was pressed into an aluminum cathode holder, and analyzed by accelerator mass spectrometry (NIES-TERRA, Japan).

3.. Histological analysis of mammoth sample
-------------------------------------------

Thin sections of skin, muscle, bone and bone marrow samples were made, stained with hematoxylin-eosin double staining method and observed by phase-contrast microscope ([Fig. 2-A-D](#f2-pjab-85-240){ref-type="fig"}).

![Thin sections of skin (A × 100), muscle (B × 400), bone and bone marrow (C × 100 and D × 400) samples stained by hematoxylin-eosin double staining method. There were many cell nuclei in the muscle ([Fig. 2-B](#f2-pjab-85-240){ref-type="fig"}). There were many foam shaped structure in the medullary cavity of the bone marrow ([Fig. 2-C](#f2-pjab-85-240){ref-type="fig"}) and blood cells or epithelial cells in the bone ([Fig. 2-D](#f2-pjab-85-240){ref-type="fig"}).](pjab-85-240-g002){#f2-pjab-85-240}

4.. DNA retrieval and amplification by PCR
------------------------------------------

DNA was extracted from about 1 g each of bone marrow and muscle. Small pieces of bone marrow and muscle samples were washed 3 times in sterile DW, then once in 0.5% NaClO and 3 times in sterile DW again. After washing, samples were minced with a surgical razor blade under sterile condition and the minced tissue was dissolved in SSC buffer using proteinase K (0.45 mg/ml) and SDS (0.5%) by keeping at 55 °C for 3 hours, then, at 37 °C for over night. DNA solution was treated once with phenol, 4 times with phenol: chloroform (1:1) following once with chloroform. DNA solution was concentrated 50 times using Microcon-YM100 (MILLIPORE, USA). *Cytochrome b* gene was amplified by semi-nested or nested PCR with primers designed from previously reported mitochondrial *cytochrome b* gene of woolly mammoth^[@b23-pjab-85-240]^ (GenBank accession number: D50842). For bone marrow sample derived DNA solution, the primers for 1st PCR, 5′-AATATCATTCTGAGGGGCAA-3′ and 5′-GAATTGAGGCTATTTGGCCG-3′; and for 2nd PCR, 5′- AATATCATTCTGAGGGGCAA-3′ and 5′-TGTAGTTGTCGGGGTCTCCT-3′ were used. For muscle sample derived DNA solution, the primers for 1st PCR, 5′-CGAAAATCTCACCCC-TACT-3′ and 5′-TGTAGTTGTCGGGGTCTCCT-3′; and for 2nd PCR, 5′-TCACTACTAGGAG-CATGCCT-3′ and 5′-GTGATTACGGTTGCCCC-TCA-3′ were used. Amplified DNA fragment was sub-cloned into pGEM®-T Easy Vector (Promega, USA), and sequenced with ABI PRISM™ 310 Genetic Analyzer (Applied Biosystems, USA).

5.. Recovery of cell nuclei from skin and muscle tissue
-------------------------------------------------------

Cell nuclei from cryopreserved samples were prepared according to Wakayama *et al.*^[@b13-pjab-85-240]^ Briefly, small pieces of cryopreserved (−80 °C) skin or muscle tissues were thawed at 37 °C, minced with scissors and put into a glass homogenizer containing 500--1,000 μl of cold NIM (nuclear isolation medium).^[@b24-pjab-85-240]^ Homogenized samples were suspended with NIM followed by filtration through 100 and 40 μm mesh to remove debris. The suspensions were washed twice with NIM by centrifugation at 400 ×*g* for 5 minutes at 4 °C and resuspended with 100 μl of NIM. In case of the muscle tissue, after washing, samples were treated with collagenase type IV (0.1%) and dispase (0.2%) at 32 °C for 10 minutes and resuspended with 100 μl of NIM. For nuclear staining, skin and muscle samples were stained with propidium iodide (PI), washed and resuspended with 20 μl of NIM.

6.. Injection of collected nuclei into enucleated mouse matured oocytes
-----------------------------------------------------------------------

The experimental design and handling of laboratory animals were performed according to the guidelines for animal experiments at Kinki University. For recipient cytoplasm, enucleated matured mouse oocytes derived from BDF1 matured female mice (Japan SLC, Inc., Japan) were used. In this experiment, bone marrow cell nuclei derived from frozen (−80 °C)-thawed mouse thighbones were also injected into enucleated matured mouse oocytes as the control treatment. Cell nuclei derived from mammoth skin or muscle samples were collected under the fluorescent microscope. Cell nuclei with the red fluorescence by PI were collected ([Fig. 3](#f3-pjab-85-240){ref-type="fig"}). Nuclear injection was performed according to Wakayama *et al.*^[@b2-pjab-85-240]^ At 1 hour after nuclear injection, the disappearance of the nuclear membrane and premature chromatin condensation (PCC) was checked under the microscope in bright field. Oocyte activation treatment was also performed according to Wakayama *et al.*^[@b2-pjab-85-240]^ At 7 hours after nuclear injection, oocytes with pronuclear-like structure were counted as activated oocytes. Then all oocytes were whole mounted on slide glasses and checked for the fluorescence derived from PI and DAPI.

![Recovered cell nucleus-like structures (arrows) in bright field (A) and dark field (B). In [Fig. 3-B](#f3-pjab-85-240){ref-type="fig"}, cell nucleus-like structures showed the red fluorescent from PI. The diameter of recovered cell nucleus-like structures was about 3 μm.](pjab-85-240-g003){#f3-pjab-85-240}

Results
=======

The conventional radiocarbon age of the sample after ^13^C correction was 13,100--12,800 BC or 12,400--11,800 BC. This meant that these samples were derived from a woolly mammoth existed about 14,000--15,000 years ago. This is at the end of Pleistocene.

There was no obvious structure in the skin sample ([Fig. 2-A](#f2-pjab-85-240){ref-type="fig"}), however, in the muscle sample, cell nuclei stained with hematoxylin were observed ([Fig. 2-B, arrows](#f2-pjab-85-240){ref-type="fig"}). In bone and bone marrow tissues, many foam shaped adipocytes ([Fig. 2-C, arrows](#f2-pjab-85-240){ref-type="fig"}) were observed in the medullary cavity, and blood cells or epithelial cells ([Fig. 2-D, arrows](#f2-pjab-85-240){ref-type="fig"}) were observed in the bone.

From bone and bone marrow samples, a 320 bp DNA fragment was amplified by PCR, sub-cloned and successfully sequenced. The homology of the sequence amplified from sample DNA was checked by comparing DNA sequences with those registered to GenBank by BLASTN search (nr-nt). This 320 bp DNA fragment showed highest homology (310/321, 96%) to the *cytochrome b* gene sequence of the registered woolly mammoth (GenBank accession number: FJ753553) and also next (309/321, 96%) to the registered woolly mammoth (GenBank accession number: EU155210). From the muscle sample, a 300 bp DNA fragment was amplified by PCR, sub-cloned and successfully sequenced. This 300 bp DNA fragment showed highest homology (296/302, 97%) to the *cytochrome b* gene sequence of the registered woolly mammoth (GenBank accession number: EU153444) and also next (292/302, 96%) to the registered woolly mammoth (GenBank accession number: MPU79411).

From both skin and muscle samples, cell nucleus-like structures identified by PI staining were successfully recovered ([Fig. 3](#f3-pjab-85-240){ref-type="fig"}). Although efficacy of the recovery of cell nuclei was low, the number of nuclei recovered was sufficient for SCNT experiment. The number of recovered cell nuclei was about 10 times higher from mammoth muscle samples than those recovered from mammoth skin samples.

After nuclear injection, more than half of the oocytes injected with nuclei derived from mammoth tissues survived (55--67%). All oocytes injected with mammoth skin or muscle derived nuclei showed the red fluorescence derived from PI. In the case of oocytes injected with nuclei derived from frozen-thawed mouse bone marrow tissue, many nuclei lost the red fluorescence after injection by extruding almost all PI through nuclear membrane and 27% of the oocytes were able to form PCC ([Table 1](#t1-pjab-85-240){ref-type="table"}, [Fig. 4-C](#f4-pjab-85-240){ref-type="fig"}). In the case of oocytes injected with nuclei derived from mammoth skin and muscle tissues, no disappearance of nuclear membrane or PCC was observed at 1 hour after nuclear injection ([Table 1](#t1-pjab-85-240){ref-type="table"}, [Fig. 4-A and B](#f4-pjab-85-240){ref-type="fig"}, respectively). At 7 hours after nuclear injection, 46% of oocytes injected with nuclei derived from frozen-thawed mouse bone marrow tissue showed pronuclear-like structure ([Table 1](#t1-pjab-85-240){ref-type="table"}, [Fig. 4-F](#f4-pjab-85-240){ref-type="fig"} and [Fig. 5, lower panels](#f5-pjab-85-240){ref-type="fig"}). On the other hand, there was no oocyte with pronuclear-like structure in oocytes injected with nuclei derived from mammoth skin or muscle ([Table 1](#t1-pjab-85-240){ref-type="table"}, [Fig. 4-D and E](#f4-pjab-85-240){ref-type="fig"} and [Fig. 5, upper and middle panels](#f5-pjab-85-240){ref-type="fig"}).

![A-C: Oocytes injected with nuclei derived from mammoth skin (A), mammoth muscle (B) and mouse bone marrow (C) at 1 hour after nuclear injection. Injected nuclei were visible (arrows). D-E: Oocytes injected with nucleus derived from mammoth skin (D), mammoth muscle (E) and mouse bone marrow (F) at 7 hours after nuclear injection. In D and E, injected nuclei without any change were still visible (arrows). Meanwhile, oocytes injected with mouse bone marrow derived nucleus transformed into 2 pronuclear-like structure (arrows).](pjab-85-240-g004){#f4-pjab-85-240}

![Fluorescent images of oocytes injected with nucleus derived from mammoth skin (1st row), mammoth muscle (2nd row) and mouse bone marrow (3rd row) at 7 hours after nuclear injection under dark field with UV. Left column: oocytes stained with DAPI, Center column: oocytes stained with PI, Right column: Merged figure of DAPI and PI figures. Injected nucleus in each oocyte shown with an arrow. The other nucleus beside the injected nucleus stained only with DAPI was the nucleus of the 1st polar body.](pjab-85-240-g005){#f5-pjab-85-240}

###### 

Early development of oocytes injected with nuclei derived from different tissues in mammoth and mouse

  Origin of nuclei    No. of oocytes used^[a](#tfn1-pjab-85-240){ref-type="table-fn"}^   No. of oocytes survived^[b](#tfn1-pjab-85-240){ref-type="table-fn"}^ (%)^[e](#tfn1-pjab-85-240){ref-type="table-fn"}^   No. of oocytes with PCC^[c](#tfn1-pjab-85-240){ref-type="table-fn"}[†](#tfn2-pjab-85-240){ref-type="table-fn"}^ (%)^[f](#tfn1-pjab-85-240){ref-type="table-fn"}^   No. of oocytes with pronuclear-like structure^[d](#tfn1-pjab-85-240){ref-type="table-fn"}[‡](#tfn3-pjab-85-240){ref-type="table-fn"}^ (%)[^g^](#tfn1-pjab-85-240){ref-type="table-fn"}
  ------------------- ------------------------------------------------------------------ ----------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------ ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Mammoth skin        18                                                                 12 (67)                                                                                                                 0 (0)                                                                                                                                                              0 (0)
  Mammoth             131                                                                72 (55)                                                                                                                 0 (0)                                                                                                                                                              0 (0)
  Mouse bone marrow   80                                                                 26 (33)                                                                                                                 7 (27)                                                                                                                                                             12 (46)[^\*^](#tfn4-pjab-85-240){ref-type="table-fn"}

e = b/a × 100, f = c/b × 100, g = d/b × 100.

Oocytes were evaluated 1 hour after nuclear injection.

Oocytes were evaluated 7 hours after nuclear injection.

Among the oocytes with pronuclear-like structure, 11 oocytes showed single pronuclear-like structure and 1 oocytes showed 2 pronuclear-like structures.

Discussion
==========

From the results of the radiocarbon age analysis and the DNA sequence analysis amplified by PCR, it was confirmed that samples used in this experiment was derived from a woolly mammoth that existed about 14,000--15,000 years ago, at the end of Pleistocene. In Siberia, it was thought that the mammoths disappeared about 10,000 years ago.^[@b20-pjab-85-240]^

In the case of skin and muscle samples, the tissue was easily fragmented into small pieces while making thin-section ([Fig. 3-A and B](#f3-pjab-85-240){ref-type="fig"}). Probably, this fragmentation was caused by severe dehydration that occurred while the sample was preserved in Permafrost. The average temperature of Permafrost is about −5 °C and at this temperature, the ice crystal is not stable and develops. As the result of the activity of ice crystal, mammoth samples would be severely dehydrated. In the case of bone marrow, in medullary cavity, many foam shaped adipocytes were observed ([Fig. 3-C](#f3-pjab-85-240){ref-type="fig"}). At the time of the birth of an animal, in medullary cavity, there is much hemopoietic tissue (red bone marrow). After the animal becomes an adult, the hemopoietic tissue transforms into the adipose tissue (yellow bone marrow). This meant that the tissue samples used in this experiment were taken from an adult mammoth.

When DNA was amplified by PCR, about 700 bp length of DNA fragment was successfully amplified. Usually, in the case of ancient DNA (aDNA), derived from fossil samples or museum samples, DNA was fragmented into about 100--200 bp.^[@b25-pjab-85-240]^ And in the case of aDNA amplification by PCR, the success rate of amplification declines with increasing average temperature in the area from which the sample originated.^[@b26-pjab-85-240]^ Samples used in this experiment were freshly excavated from Permafrost and after excavation, all samples were preserved in the frozen condition. From this point, samples used in this experiment were preserved comparatively in good condition until the time of experiment.

There was large difference in the number of nuclei recovered from skin or muscle tissue. Probably, this difference was caused by preservation condition due to the characteristics of the tissues. Muscle cell is the multinuclear cell. The sample relatively preserved its structure and contained many nuclei ([Fig. 2-B](#f2-pjab-85-240){ref-type="fig"}). Skin tissue has much collagen fiber and less numbers of nuclei. In addition, skin sample might be much damaged as shown in [Fig. 2-A](#f2-pjab-85-240){ref-type="fig"}.

There are several reports of SCNT with postmortem nuclear donor cell. Such experiments can be divided into experiments with 2 types of nuclear donor cells. These are; 1) cells still survived even postmortem cell collection and after culture of cells, cells proliferated again and living cells were available for nuclear donor in SCNT;^[@b14-pjab-85-240],[@b18-pjab-85-240]^ and 2) cells lost their viability and no living cell was available.^[@b12-pjab-85-240],[@b13-pjab-85-240],[@b16-pjab-85-240]^ In the latter case, when cells were collected within a day postmortem, an offspring was successfully produced by one-step SCNT.^[@b16-pjab-85-240]^ However, when cells were collected about a year or 16 years postmortem, it was necessary to repeat SCNT via the production of ntES (nuclear transferred embryonic stem) cells.^[@b12-pjab-85-240],[@b13-pjab-85-240]^ The reason for the difference between these 2 types of SCNT with postmortem nuclear donor cell would depend on the DNA integrity of the nuclear donor cell. Loi *et al*. reported on the SCNT with the lyophilized nuclear donor cell.^[@b27-pjab-85-240]^ In this report, when nuclear donor cells were lyophilized without trehalose, the genome was damaged extensively and after SCNT with the lyophilized nuclear donor cell, irregular pronuclei with fragmented DNA were observed. These results suggest that cryopreserved nuclear donor cell without cryoprotection for long period damaged its DNA integrity and to retrieve the damage, it is necessary to repeat SCNT via the production of ntES cells. DNA samples collected in this report showed severe damage when the gel electrophoresis of collected DNA samples was performed (data not shown). To have successful embryonic development after the SCNT with mammoth cells, it would be necessary to repeat SCNT to retrieve mammoth genome.

In this experiment, we succeeded in recovering cell nuclei from about 15,000 years old mammoth tissues. We also succeeded in transferring them into mouse enucleated oocytes, but the structure of injected nuclei remained at 1 and 7 hour after injection. Because of for a considerable length of time preservation of mammoth tissue, the biological characteristics of the nucleus might be extremely changed or the ability of the nucleus to respond to factors existing in recipient cytoplasm might be lost. Or there were other possibilities that nuclei recovered from mammoth tissues were enclosed with or contained denatured proteins and such denatured proteins might interrupt the interaction between the chromatin and factors existing in recipient cytoplasm. Besides, as in case of control group, pronuclear-like structures were formed without the disappearance of nuclear membrane or PCC in oocytes injected with nuclei derived from frozen-thawed mouse bone marrow tissue, the compatibility of mammoth donor nucleus and mouse recipient oocytes might possibly be unsuitable for nuclear change.

Finally, we demonstrated the recovery of cell nuclei from for a considerable length of time postmortem animal tissues and the transplantation of those nuclei into oocytes. This report is the first step to resurrect ancient animal and further research is required to improve conditions to promote cell cycle of the transplanted nuclei for having successful resurrection of the ancient animal.
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